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Edited by Peter BrzezinskiAbstract Ammonia and methanol both bind to the water oxidis-
ing complex of photosystem II during its turnover, possibly at
sites where water binds during the normal water oxidation pro-
cess. We have investigated the interaction between these two
water analogues at the S2 state of the water oxidising cycle using
electron magnetic resonance techniques. We ﬁnd evidence that
ammonia displaces methanol from its binding site.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Photosystem II (PSII), is a membrane-protein electron trans-
fer complex which oxidises water (see [1,2, for reviews]).
Charge separation in the PSII reaction centre is initiated by
excitation of the reaction centre pigment, P680, which then
oxidises the Mn containing water oxidising complex (WOC)
via a tyrosine termed YZ. Four turnovers of the reaction centre
are required for water oxidation resulting in ﬁve oxidation
states termed S-states and denoted S0–S4. The dark stable rest-
ing state is S1. Each turnover of the reaction centre advances
the oxidation state of the complex from S0 to S4; the produc-
tion of oxygen then occurs rapidly in the dark, returning the
complex to S0. Eﬃcient function of the water oxidising enzyme
requires the inorganic cofactors calcium and chloride. The S0
[3,4] and S2 [5] states have complex multiline electron para-
magnetic resonance spectrometry (EPR) spectra detectable in
standard perpendicular mode EPR.
The mechanism of water oxidation is still unknown as the
site(s) of water binding and oxidation have not been unequiv-
ocally identiﬁed. The work of Wydrzynski and co-workers [6,7]
indicates that water is bound to the water oxidation complex in
S1 but remains exchangeable until S3. They detect two rates of
exchange indicating two sites of water binding, one signiﬁ-Abbreviations: EPR, electron paramagnetic resonance spectrometry;
ESEEM, electron spin-echo envelope modulation; CW, continuous
wave; PPBQ, p-phenyl benzoquinone; WOC, water oxidising complex;
PSII, photosystem II; ML, multiline EPR spectrum; EXAFS, extended
X-ray absorption ﬁne structure
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spin-echo envelope modulation (ESEEM) technique oﬀers a
speciﬁc way to detect interaction of 17O or 2H with the Mn
complex, either through direct ligand formation or interaction
with nuclei in the close environment of the centre. We [8] and
Britt and co-workers [9] showed that interaction of small alco-
hols, particularly methanol, with the S2 state could be detected.
We found that this interaction was only seen in freshly
prepared S2 samples. The modulated signals decayed over a
relatively short time during storage at liquid nitrogen temper-
atures, although a large part of the multiline signal was stable.
Further work then showed that very strong modulation by
deuterium in 2H2O associated with a metastable S2 multiline
signal could be detected [10,11]. This indicated close approach
of water to the Mn complex in the S1 state, as the S2 state was
generated by 200 K illumination of samples frozen in S1, con-
ditions where further water movement is restricted.
The experiments with 2H2O do not provide conclusive evi-
dence for the binding of water to the Mn, but they do show
the presence of readily exchangeable protons in the immediate
vicinity of the Mn. We also repeated the experiments using
17O-labeled water [12] and detected an interaction of 17O with
PSII in the S2 state induced by 200 K illumination. The mod-
ulation is observed only in the centre of the multiline spectrum
[10]. The inferred hyperﬁne coupling terms are compatible with
water (not hydroxyl) oxygen bound to a particular quasi-axial
MnIII centre in a coupled Mn cluster.
Substrate binding investigated using ammonia has identiﬁed
two binding sites. The ﬁrst site, accessible to bulky amines as
well as ammonia, is protected by Cl. Binding at this Cl sen-
sitive site results in an increased yield of the g = 4.1 EPR signal
relative to the g = 2 multiline S2 EPR signal [13–16] from the
Mn complex. The second binding site is of lower aﬃnity but
is speciﬁc for ammonia and appears to result from binding
in the S2 state. Ammonia binding to this site is independent
of [Cl] and results in the formation of a modiﬁed multiline
S2 EPR signal, which is stabilized compared to the normal
S2 state, [17]. From ESEEM investigation of this modiﬁed S2
signal it was proposed that ammonia is incorporated into the
Mn complex as a bridging ligand [18]. Further binding of
ammonia in the S3 state may be required for signiﬁcant inhibi-
tion of oxygen evolution [15]. An extended X-ray absorption
ﬁne structure (EXAFS) study showed that there were only
small eﬀects on the PSII Mn K-edge spectra after ammonia
treatment. These results indicated that the orientation of the
Mn complex, the Mn oxidation state, and the symmetry of
the Mn ligand environment are essentially unaﬀected by
ammonia binding [19].ation of European Biochemical Societies.
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methanol and ammonia binding to the water oxidising com-
plex of PSII which indicates that ammonia displaces bound
methanol.Fig. 1. EPR spectra at 8 K showing the properties of the S2 multiline
signals formed in ammonium chloride treated and methanol treated
PSII. Each sample was 200 K illuminated then annealed as described in
the methods section. Samples contained the following. (A) 3%
methanol. (B) 100 mM ammonium chloride. (C) 100 mM ammonium
chloride and 3% methanol EPR conditions: temperature 8 K, modu-
lation amplitude 1.6 mT, microwave power 10 mW. The large g = 2
organic radical peak has been omitted.2. Materials and methods
2.1. Sample preparation
PSII membranes were prepared from pea seedlings using the proce-
dure of Ford and Evans [20]. Chlorophyll concentration was measured
by the method of Porra [21]. Control rates of oxygen evolution for
PSII membranes were 500–1100 lmol of oxygen/mg of Chl/h using fer-
ricyanide and dimethylbenzoquinone as electron acceptors and were
measured in an oxygen electrode at 298 K. After washing to remove
adventitiously bound Mn2+, the PSII membranes were stored at
77 K in 20 mM MES (2-(N-morpholino)ethanesulfonic acid), 15 mM
NaCl, 5 mM MgCl2, and 0.4 M sucrose, and pH 6.3.
Immediately before use PSII membranes were exchanged into pH
7.5 buﬀer (40 mMHEPES (N-(2-hydroxyethyl)piperazine-N 0-2-ethane-
sulfonic acid), 4 mM MgCl2, 1 mM CaCl2 and 0.3 M sucrose) by cen-
trifugation (40000 · g for 30 min) and resuspension [22]. Ammonium
chloride or methanol were added as indicated in the text to give a ﬁnal
concentration of 100 mM ammonium chloride and 3% methanol.
For EPR, 0.3–0.4 mL samples (approximately 6–10 mg of chloro-
phyll/mL; 25–40 lM photosystem II) were placed in calibrated
3 mm quartz EPR tubes. 1 mM p-phenyl benzoquinone (PPBQ)
was added from a stock solution in dimethyl sulfoxide (giving 1% di-
methyl sulfoxide ﬁnal concentration) to ensure oxidation of PSII elec-
tron acceptors.
Samples were given a brief (30 s) illumination at 277 K to turn
over the photosystem II reaction centre and restore the tyrosine
YD lost on storage. Further procedures were carried out in the dark
or under a dim green light. Samples were prepared as in [12]. Sam-
ples were dark adapted for 3–4 h at 273 K and then treated as de-
scribed in the text and ﬁgure legends. This produced samples
initially in the S1QA state, as indicated by the absence of the S2
EPR markers, the multiline signal, or the g = 4.1 signal, and QA .
Samples were illuminated at 200 K using a 1000 W light source for
10 min, protecting the sample from heating where necessary by a
5 cm water ﬁlter. Samples were maintained at 200 K during illumina-
tion in an ethanol/dry ice bath in an unsilvered clear glass dewar.
The temperature of the bath was measured by thermometer. Samples
were annealed by thawing in the dark at 275 K for 30 s, mixing,
making any necessary additions and then refreezing to 77 K (taking
60–75 s total time).
2.2. EPR
Samples were examined by continuous wave (CW) EPR at cryogenic
temperatures using a JEOL RE1X spectrometer ﬁtted with an Oxford
Instruments cryostat. EPR conditions are given in the ﬁgure legends.
ESEEM spectra were recorded at 4K on a Bruker ESP580-U389R
Elexsys X-band pulsed spectrometer equipped with a Bruker EN
4118 X-MD-4W ﬂexline resonator and an Oxford Instruments
CF395 cryostat. ESEEM spectra were recorded using the standard 3
pulse ESEEM programme with phase cycling in Bruker X-EPR soft-
ware. The pulse sequence was q/2  s1  q/2  s2  q/2 echo, where
q/2 = 16 ns, s1 = 128 ns and s2 varies from 32 to 8000 ns in 8 ns steps.
The value of tau1 is set at 128 ns to suppress the free proton modula-
tion. Individual spectra (Fig. 2) were recorded using 60 shot/point, giv-
ing a total acquisition time of approximately 40 min per spectrum.
Before Fourier Transformation the data were subject to a magnitude
calculation, the echo decay was factored out by subtraction of a poly-
nomial function, high frequency noise was reduced with an exponential
apodising ﬁlter function and the data set was zero ﬁlled to increase FT
resolution. The decay constant of the apodising ﬁlter function was set
to the minimum (2 ls) which gave a smooth transition at 8 ls to the
zero ﬁlled region, so eliminating spurious contributions from the dis-
continuity to the FT spectra. This results in an eﬀective line broadening
in the FT spectra of less than 0.1 MHz. Spectra are presented in the
power mode, which eliminates phase problems due to the dead
time but may distort FT amplitude and emphasise minor intensity
variations.3. Results and discussion
In order to study the binding of ammonia and methanol to
the WOC, it is important to study the S2 state. Although meth-
anol appears to bind in the lower S states [3,4,8,9], ammonia
binding occurs in S2 [13–18]. Therefore, we used dark adapted
PSII samples in the S1 state, illuminated them at 200 K to
reach the S2 state and then annealed the samples at 273 K
for 1 min to ensure binding to S2 and loss of interfering sig-
nals from the iron-semiquinone form of the electron acceptor
QA, Q

A [22].
The S2 multiline (ML) EPR spectra were examined for the
characteristic lineshapes induced by the binding of methanol
and ammonia. The methanol and ammonia treated samples
showed similar or enhanced S2 stability to that found in un-
treated samples [18,23] allowing a good yield of S2 to be ob-
served following annealing.
Fig. 1 shows the EPR ML spectra for methanol treated (A)
and ammonia treated (B) PSII membranes. Both treatments
result in the previously well characterized ML spectra [5,18].
Methanol enhances the signal compared to the untreated sam-
ple whilst ammonia binding results in a signiﬁcant change to a
weak asymmetric ML spectrum [18].
A series of experiments where carried out in which ammonia
and methanol where added together, either both in S1 or both
in S2 (additions made during annealing). These experiments
were followed by a further series where sequential addition
was made, i.e., either ammonia was added, the S2 EPR ML
Fig. 2. Time domain (left) and Fourier transforms (right) of the 3 pulse ESEEM spectra of photosystem II showing 2H modulation of the S2 state
EPR signal by 2H-methanol. Samples prepared as described in the methods section containing 3% 2H3-methanol were treated as follows. (A) Dark
adapted. (B) 200 K illuminated. (C) 200 K illuminated + 100 mM NH4Cl. (D) Annealed. (E) Annealed in the presence of 100 mM ammonium
chloride. EPR conditions: ﬁeld 355.0 mT, frequency 9.71 GHz, temperature 4 K. Spectra recorded as described in the methods section. An
exponential function was subtracted from the time domain spectra to remove the echo decay component for ease of presentation.
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ML spectrum observed, or vice versa. These experiments pro-
duced a single result, that the ﬁnal spectrum observed was al-
ways similar to that of ammonia addition alone as illustrated
in Fig. 1C. Some subtle diﬀerences in the spectra were observed
but not signiﬁcant enough to indicate an eﬀect of methanol on
the ML spectrum when ammonia was present.
These CW EPR results indicate that either ammonia is dis-
placing methanol or that both are binding with the eﬀect of
ammonia on the ML spectrum being stronger thus masking
the eﬀect of methanol. To investigate this further we turned
to pulsed EPR and the ESEEM technique that we have used
previously to observe methanol binding.
Fig. 2 shows time domain and Fourier Transformed
ESEEM spectra obtained in a parallel series of measurements
to those described for the CW experiments using deuterated
(D3)-methanol. Prior to conversion from S1 to S2 by illumina-
tion at 200 K no modulation due to the deuterated methanol is
detected (Fig. 2A). On illumination S2 is formed and strong
deuterium modulation is detected (Fig. 2B), similar modula-
tion is seen when the sample contains ammonia (Fig. 2C).
Annealing samples without ammonia (Fig 2D) results in a
small decrease in the modulation intensity. When annealing
takes place in the presence of ammonia all of the deuterium
modulation is lost (Fig. 2E), although the CW EPR spectra
show that the ammonia modiﬁed multiline is present in the
sample (see Fig. 1). Weak modulation in the 3–5 MHz region
arising from the extensively studied histidine ligand to the
Mn cluster is seen in the illuminated samples. Modulation be-
low 2 MHz due to the ammonia nitrogen could be detected in
diﬀerence spectra following annealing as reported by Britt
et al. [18] (data not shown).
The results conﬁrm earlier data that methanol binds to the
Mn complex in S1 and can then be detected by ESEEM onconversion to S2 at low temperature. Annealing in the presence
of ammonia removes the deuterium modulation indicating that
ammonia displaces the methanol from the Mn complex. The
results agree with earlier conclusions that ammonia does not
bind until S2, e.g. [15]. They suggest that the displacement of
methanol is a site speciﬁc eﬀect and that methanol and ammo-
nia can bind to the same site on the Mn complex. However the
results do not exclude the possibility of separate binding sites
where ammonia binding modiﬁes the properties of the metha-
nol binding site.
A recent review paper by Britt and colleagues [24] discussed
similar but unpublished work on ammonia and methanol bind-
ing without showing the detailed results. They suggest that one
ammonium and one methanol bind non-competitively in S2,
and speculate that these two sites represent the two water bind-
ing sites. Our analysis so far [A˚hrling et al., in preparation]
show that one methanol is bound in S2. Further details of
the experiment by Britt and colleagues may help resolve this
diﬀerence.
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